Potential sources of a priori ozone (O3) profiles for use in Tropospheric Emissions: Monitoring of Pollution 13 (TEMPO) satellite tropospheric O3 retrievals are evaluated with observations from multiple Tropospheric Ozone Lidar 14 Network (TOLNet) systems in North America. An O3 profile climatology (tropopause-based O3 climatology (TB-15 Clim), currently proposed for use in TEMPO O3 retrieval algorithms) based on ozonesonde observations and O3 16 profiles from three separate models (operational Goddard Earth Observing System (GEOS-5) Forward Processing 17 (FP) product, reanalysis product from Modern-Era Retrospective analysis for Research and Applications version 2
TEMPO averaging kernels 144
The UV+VIS AKs applied during this study are based on TEMPO retrieval sensitivity studies that play a key role in 145 determining the instrument requirements and verification of the retrieval performance (Zoogman et al., 2017) . The 146 production of these AKs involved: 1) radiative transfer model simulations of TEMPO radiance spectra and weighting 147 functions, 2) retrieval AKs and errors constrained by the TB-Clim a priori error covariance matrix, and 3) measurement 148 errors estimated using the TEMPO signal to noise ratio model. To represent TEMPO hourly measurements throughout 149 the year, the retrieval sensitivity calculation was performed hourly for 12 days (15 th day of each month) over the 150 TEMPO domain at a spatial resolution of 2.0°×2.5° (latitude × longitude) using hourly GEOS-Chem model fields.
151
During this study, we use the UV+VIS O3 retrieval AKs corresponding to the month and location of TOLNet systems 152 representative of near clear-sky conditions. Figure 2 shows an example of the UV+VIS AK matrix at the UAH
153
RO3QET site for 20 UTC in August. The enhanced sensitivity of TEMPO retrievals in the lower troposphere, in 154 particular the lowest ~2 km, is demonstrated by the large values of (normalized to 1 km, degrees of freedom (DFS) 155 per km) in Fig. 2 (> 0.20) . When including VIS with UV wavelengths, O3 retrievals can be greater than a factor of 2 156 more sensitive in the first 2 km of the troposphere in comparison to just using UV wavelengths. This is particularly 6 to represent model predictions of O3 with highly varying complexity in atmospheric chemistry calculations, emissions 179 information, data assimilation techniques, and spatial resolution. 
181
The GEOS-5 atmospheric general circulation model (AGCM) and data assimilation system (DAS) is a product of the 182 GMAO and is described in Rienecker et al. (2008) with most recent updates presented in Molod et al. (2012) . Aerosol 183 and trace gases are transported in the GEOS-5 AGCM using a finite-volume dynamics scheme implemented with 184 various physics packages (Putman and Lin, 2007; Bacmeister et al., 2006) and turbulently mixed using the Lock et al.
185
(2000) PBL scheme. The GEOS-5 AGCM ADS assimilates roughly 2×10 6 observations for each analysis using the 186 Gridpoint Statistical Interpolation (GSI) three dimensional variational (3DVar) analysis technique (Wu et al., 2002) .
187
A product from the GEOS-5 AGCM is the operationally provided GEOS-5 FP data which offers NRT DAS predictions 188 (typically within 24 hours) of O3 vertical profiles at a 0.25°×0.3125° spatial resolution and 72 vertical levels.
189
Additionally, we apply MERRA2 reanalysis O3 profiles which are also produced using the GEOS-5 AGCM (Molod 190 et al., 2012) and provided at a 0.50°×0.667° spatial resolution and 72 vertical levels. Both 191 O3 vertical profiles are driven by the assimilation of OMI and Microwave Limb Sounder (MLS) satellite data.
192
Predictions of O3 from these products are most trusted in the upper troposphere and stratosphere due to data constraints 193 predominantly occurring in these altitude ranges (e.g., Wargan et al., 2015; Ott et al., 2016) . The work by Wargan et 194 al. (2015) shows that due to highly simplified atmospheric chemistry and lack of surface emissions in the GEOS-5 195 AGCM, O3 predictions in the middle to lower troposphere tend to be biased. However, during this work these 3 hour-196 averaged products are applied to understand how NRT DAS and reanalysis models could be used as a priori 197 information in TEMPO O3 retrievals. 
213
The evaluation of TB-Clim and model O3 profiles was done for summer-, daytime-(6am -6pm local time), and hourly-214 averages at the RO3QET and TROPOZ system locations during July and August 2014. Due to the hours of operation, 215 the evaluation at the JPL TMF lidar location was conducted for summer-and daily-averages. 
227
In terms of summertime-averaged tropospheric O3 profiles, TB-Clim and the GEOS-5 FP, MERRA2, and GEOS-
228
Chem models could generally replicate the vertical structure of tropospheric O3 measured by TOLNet lidars. However,
229
the evaluation of these products as a priori in TEMPO O3 retrievals at a seasonal/monthly average is insufficient as 230 TEMPO will provide hourly, high spatial resolution, tropospheric and LMT O3 values. Therefore, in the following 231 sections we evaluate these products for daily-and hourly-averages to focus on inter-daily and diurnal variability. Figure 4 shows the daily-averaged 235 tropospheric and LMT O3 columns from TB-Clim and models compared to that observed by TOLNet at all 3 sites 236 with comparison statistics displayed in 249 Figure 4a , b shows larger variability of daily-averaged LMT O3 (44 to 68 ppb) from the RO3QET system 250 than that in the tropospheric column (48 to 64 ppb). From Table 3 ).
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The TB-Clim product resulted in modest biases compared to LMT O3 data (1.9 ppb) while GEOS-5 FP and MERRA2 303 were consistently low (negative bias > 3.0 ppb). in Table 4 ). When focusing on the accuracy of the theoretical TEMPO retrievals for tropospheric columns (left 333 column in Fig. 6 ), it can be seen that: 1) values using all a priori profiles are similar and 2) values compare well 334 to observations with tropospheric values typically falling within the 10 ppb bias requirement at all 3 TOLNet 335 locations. From Table 4 it can be seen that daily-averaged tropospheric column biases exceeded the 10 ppb level on 1 336 and 2 days when using TB-Clim/GEOS-5 FP and MERRA2 data, respectively, as a priori when compared to TROPOZ 337 observations, and for 1 day at the JPL TMF location when using all O3 products as a priori.
338 Table 4 illustrates that applying TB-Clim as the a priori resulted in the largest tropospheric column biases 339 and modest bias standard deviations (1.4 ± 2.3 ppb) and the MERRA2 data led to the lowest overall bias and modest 340 bias standard deviation (-0.2 ± 2.5 ppb) at the RO3QET lidar location. Using GEOS-Chem a priori profiles resulted 341 in modest biases and the lowest bias standard deviations (1.0 ± 2.0 ppb) and RMSE values (2.17 ppb). At the TROPOZ 342 system site, the lowest tropospheric column biases and standard deviation were calculated when applying GEOS-
343
Chem as the a priori (-0.5 ± 2.7 ppb). GEOS-5 FP data also resulted in low mean biases but the largest bias standard 344 deviations (-0.6 ± 4.8 ppb) and MERRA2 data led to larger mean biases but lower bias standard deviations (-2.2 ±
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355
The third column of Fig. 6 shows that much larger differences in daily-averaged LMT column values were 356 calculated, compared to tropospheric values, when using different sources of a priori in Eq. (1). It can be seen from 
360
(see Table 4 ). 
370
At the location of the TROPOZ lidar, it can be seen from Fig. 6 that LMT values, with the use of TB-
371
Clim a priori, are consistently underestimated in comparison to lidar observations. These LMT values have an 372 average negative bias of > 10.0 ppb and largest RMSE values (~13.0 ppb) resulting in 10 days with accuracy/precision 373 requirement exceedances (see Table 4 ). These large errors are because the a priori profiles provided by TB-Clim are 374 not able to replicate the highly variable vertical O3 profiles observed at the TROPOZ lidar location. The GEOS-5 FP,
375
MERRA2, and GEOS-Chem models were better able to replicate these highly variable vertical O3 profiles providing 376 a priori information more accurately representing O3 in the intermountain west region of the US. This better 377 representation from model data resulted in LMT values with lower negative mean biases (< 6.5 ppb) and smaller 378 RMSE values (< 9.0 ppb) and bias standard deviations (< 6.5 ppb), and also fewer accuracy/precision requirement 379 exceedances. Overall, CTM-predicted a priori information resulted in LMT values with the least bias and bias 380 standard deviation (-4.8 ± 4.8 ppb), RMSE (6.71 ppb), and accuracy/precision exceedances.
O3 vertical profile used in TEMPO tropospheric O3 retrievals are very important in order to capture values for both 392 the tropospheric and LMT column and this will be discussed in Sect. 3.2.3.
393 Figure 6 and 
412
GEOS-Chem a priori information, TEMPO retrievals for the troposphere (65.8 ppb) were also more similar in 413 magnitude to lidar observations (64.2 ppb) compared to using a priori data from TB-Clim (68.2 ppb).
414
Another example is illustrated in Fig. 7b which shows and when using TB-Clim and GEOS-5 FP 415 predictions as a priori profiles in TEMPO retrievals on 21 August 2014 at the JPL TMF lidar location. On this day, a 416 STE event was likely occurring as tropospheric O3 mixing ratios were measured to be > 200 ppb between 6-9 km.
a CTM as a priori will likely allow TEMPO retrievals to observe air quality relevant O3 concentrations more accurately 499 than TB-Clim and other models with limited atmospheric chemistry and emission schemes.
500
This study is a first step in determining what source of a priori vertical O3 profiles should be applied to best Tables   671   Table 1 . Information about the TOLNet systems applied during this study. mean bias, bias standard deviation (1σ), and root mean squared error (RMSE) .
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